The paper presents a rapid texture measurement method and r-value prediction model for cold-rolled sheets using XRD nondestructive testing data. First the textural through-thickness inhomogeneity in two deep drawing steels, DC05 and DC06, was measured by XRD and described using the orientation distribution function (ODF), the results reveal that the textural inhomogeneity of cold-rolled sheet exhibits little through-thickness inhomogeneity. Then the experimentally measured r-values were compared with theoretical r-values calculated using the reaction stress model applied through the sheet thickness direction, a good match was found between r-values predicted by the reaction stress model based on the rapid texture measurement method at the sheet surface and experimental data. Finally the prospect for industrial application of this technique was discussed in detail.
Introduction
The crystalline texture of metal sheets and plates strongly affects its formability which is of high importance of finished parts as beverage cans and automotive components. 1, 2) In rolled strip material, the orientation distribution of the crystallites, known as texture, is influenced by various kinds of thermo-mechanical processes applied in the rolling mill (hot rolling, cold rolling, and annealing). It is of great importance that the quality should be homogeneous over the entire length of a strip. In practice the texture of a rolled sheet is not always constant throughout its thickness. Inhomogeneities are potentially caused by both the rolling 36) and annealing processes 7) involved during manufacturing. It is then of strategic significance to investigate and develop the on-line determination and quality control technology for consistent steel formation, this should ideally be monitored using a continuous, on-line measuring method. 1) In some cases, such as in the production of steels used for deep drawing applications, the production is optimize to minimize texture gradients, creating a final product exhibiting little inhomogeneity. However, the presence of gradients through the sheet thickness is typically ignored, 812) and little work has been done to investigate the inhomogeneity gradient or its effect on material properties.
Predicting mechanical properties in inhomogeneity textured plate involves modeling the interaction between the differently textured layers, which is quite complex. In the following, we present an experimental approach to determine the depth dependence of the texture.
Experimental
Texture measurements were made on DC05 and DC06 cold rolled interstitial free (IF) steel specimens 24 © 14 mm 2 . The thicknesses of the specimens were 0.90 mm and 0.70 mm, respectively, were machined from continuously annealed IF steels.
Texture measurements were made for each of the specimens at S = 1, S = 0.5 and S = 0 (S = (t ¹ t 0 /2)/t 0 /2, where t 0 is the original thickness of the specimen and t is its thickness after removal of the surface).
Texture is of characterized by the orientation distribution function (ODF), e.g., by an equation proposed by Bunge.
13)
Where, T ®l ð¤ 1 ; È; ¤ 2 Þ is generalized spherical harmonic functions. C ®l represent the ODF coefficients, also referred to as C-coefficients or texture coefficients. 13) Three incomplete pole figures {110}, {200}, and {211} were measured using an X-ray Diffractometer (type: D-5000, Siemens) based on the conventional reflection method and the orientation distribution function (ODF) was calculated. The volume fractions of the {111}, {100}, and {110} planes texture components are listed in Table 1 .
Three r-values (also called Lankford coefficients or plastic strain ratios), 14) at 0°, 45°, and 90°angles with respect to the rolling direction, were measured respectively. r-value measurements were made at 15% elongation. The experimental r-values, the average plastic strain ratio r(=( r 0 + 2r 45 + r 90 )/ 4), and the planar anisotropy "r(=( r 0 ¹ 2r 45 + r 90 )/2) of two IF steel sheets are listed in Table 2 .
Results and Analysis

Texture analysis
As shown in Fig. 1 and Fig. 2 , the {100} texture volume fraction of the DC05 specimen is less than the DC06 specimen, the planar anisotropy, "r, of DC05 is larger than the one of DC06. Although the {100} texture reduced the deep drawing properties of steel sheets, it decreased the planar anisotropy tendency. Due to a greater component of {100} texture in the DC06 specimen, the planar anisotropy of the DC06 specimen improved significantly.
As mentioned above, the planar anisotropy "r of the DC05 specimen is larger than that of the DC06 specimen and the value r 90 r 0 of the DC05 specimen is larger than the one of the DC06 specimen. The volume fraction of {110} texture in the DC05 specimen is larger than the one of {110} texture in the DC06 specimen. {110} texture has an enlarging effect on the r 0 value or r 90 value, while reducing the r 45 value, leading to an increased planar anisotropy value "r. The effect of the {110}©001ª component on the plastic strain ratio rvalue was much larger than any other texture component, resulting in a particularly large value of "r.
15)
It can be concluded that the anisotropy of the material depends on all the components of the texture and that different texture components have different effects on the anisotropy of the material.
Texture measurements, both for DC05 and DC06 specimens at S = 1.0, S = 0.5 and S = 0, show the textures are similar at different layers and could be described as consisting of a well-defined £ fiber with some spread of orientation along the ¡ fiber. This makes it convenient to depict the textural inhomogeneity using the ¤ 2 = 45°sections of the ODF (Fig. 3) . Because the rolling and recrystallization ODFs of bcc steels are mostly composed of certain orientation fibers, their main features can be represented in a very condensed manner by plotting the orientation density along these fibers.
As shown in Fig. 4 and Fig. 5 , there is a noticeable Goss component ({110}©001ª) at both S = 1.0 ( f (g) = 2.5) and S = 0.5 ( f (g) = 1.4) which is not present at S = 0. It is accompanied by a general decrease in the density of orientation along the £ fiber from the surface of the sheet towards the sheet center. The textures measured have higher density of the {111}©112ª orientation than of the {111}©110ª orientation at S = 0.5 and S = 0, which did not occur at S = 1. There is also a general decrease in the {111}©110ª orientation densities and an increase of the {111}©112ª orientation densities from the surface towards the center of the sheet. There is also slight {001} texture through the thickness.
In Fig. 6 and Fig. 7 , the {111}©112ª orientation tends to be stronger than the {111}©110ª orientation at S = 1 and S = 0. Table 1 Volume fraction of {111}, {100}, and {110}. This is in contrast to the textures measured at various layers in the interstitial free DC06 specimen. At S = 0.5, the textures measured show higher {111}©110ª orientation densities than {111}©112ª orientation densities. Also, there is a strong £ fiber texture from the sheet surface towards the sheet center. The strongest £ fiber texture orientation density f (g) measured for S = 0.5 was 10.15, while the values for S = 1 and S = 0 were 8.51 and 9.10 respectively. There is a slight Goss component ({110}©001ª) at all S = 1.0 ( f (g) = 1.81), S = 0.5 ( f (g) = 0.97) and S = 0 ( f (g) = 1.82). The {001} texture tends stronger from S = 1 to S = 0, although it is slight at S = 0.
Fourth order texture coefficients
The mechanical properties of deep drawing materials mainly depend on the lower-order texture coefficients. It has been shown 16, 17) that the plastic anisotropy of cubic metals is largely determined by the fourth order coefficients, C ®4 . The deep drawing properties of sheet materials mainly depend on C 16) The through-thickness fourth order texture coefficients are listed in Table 3 .
For C 11 4 in the DC05 specimen, the most negative value occurs for S = 0 and the least negative value is observed for S = 1, with a difference between the two values of 0.139 (= 2.517 ¹ 2.378). For the DC06 specimen, the most negative value of C 11 4 is observed for S = 1, the least negative value of C is large. This should be taken into account in the on-line texture measurement.
Influences on the prediction of plastic anisotropy
To investigate the effect that the showed inhomogeneities have on the correlation of texture with the r-value anisotropy, the experimentally measured r-values were compared with theoretical r-values calculated for each of the textures measured through the sheet thickness. The volume fraction of texture components in Gaussian form can be obtained from the pole figure measured by XRD. 18) Based on this, the r value of the steel sheets in different direction can be calculated by the reaction stress model 18) by the following equation:
In eq. (2), r i denote the r-values in different directions with, i = 1 referring to r 0 , i = 2 to r 45 , and i = 3 to r 90 ; R ij are the theoretical r-values in different directions of each texture component, with j = 1 referring to {001}©110ª, j = 2 to {112}©110ª, j = 3 to {111}©110ª, and j = 4 to {111}©112ª; V j are the relative volumes of each texture component; k j are the factor of V j .
For the DC05 specimen shown in Fig. 8(a) , comparison of the predicted r-value anisotropies based on the textures measured at the various layers through the sheet thickness From the predictions made from the measurements of the DC05 steels, there is some indication that predictions by the reaction stress model are quite good. Conclusively, for the DC06 steels, the predictions obtained using the reaction stress model are very close to the measured values while the prediction from the layer at S = 0.5 is poorer.
Prospects for Industrial Applications
At present, at University of Science and Technology Beijing, laboratory-scale equipment making use of Bruker General Area Detector Diffraction System (GADDS) 19) is being designed for on-line texture analysis. 20) The twodimensional X-ray area detector extends diffraction data recording space from one-dimensional to two-dimensional, allowing to measure the texture with high accuracy in less time. Figure 9 shows a sketch of on-line texture determination equipment. The volume of the texture components can be rapidly calculated with a normal distribution fitting the pole figure density distribution recorded by the two-dimensional X-ray area detector. Hence, the on-line r-value in different directions can be obtained according to the equation for calculating the plastic strain ratio. By combining the twodimensional X-ray area detector with the texture analysis method and the reaction stress model, there is a prospective for on-line texture measurement system in an industrial application context in the near future.
Conclusions
Texture measurements made on two deep drawing steels indicate that the textural inhomogeneities in the specimens were slight, but there is also a variation for {001} texture. The experiment and analysis results show that the throughthickness variations of the fourth order texture coefficient C 11 4 and C 13 4 in the specimens were also slight, but the variation of C 12 4 is large. The prediction r-values by the reaction stress model based on the texture measured at the sheet surface correspond well with the measured data. But for a more accurate prediction, both of the {001} texture variation and the large C 12 4 difference should be taken into account in the on-line texture measurement. We also give prospects for the reaction stress model used in on-line texture and r-values determination in industry applications by making using of a two-dimensional X-ray area detector.
